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SUMMARY 

An experimental study has been performed to study the effect of thin 

plasma layers upon the transmission characteristics of low and high power 

microwave transmission.  A high performance shock tube using dry air as 

the test gas was used to generate the plasma.  Plasma conditions were estab- 

lished to simulate the reentry environment encountered during the terminal 

phases of a slender reentry vehicle.  Flush mounted X band waveguide aperture 

antennas or special H-plane horn antennas were L^ed to launch and detect the 

microwave signals. Thir plasma layers were cut from the shock-generated 

plasma using sharp-edged ground planes mounted inside the shock tube.  Initial 

shock tube pressures were established at 5-0 torr or 10.0 torr while the shock 

velocities were varied to produce electron densities of 10  - 10  cm 

Diagnostic measurements were performed with various flush mounted electro- 

static probes, stagnation point electrostatic probe, and supporting static 

pressure gages.  Results of the electrostatic probes were compared with simple 

thcwiics and reasonable agreement was obtained.  Low power cw transmission 

measurements at 10 GHz were performed for a range of plasma thicknesses varying 

from 3-'8 to 12.7 iwn.  High power pulse measurements were performed for a 

3.18 mm thick plasma layer ranging from 18 W to 7-0 kW.  Measurements of the 

transmission coefficient and reflection coefficient were made for all power 

levels.  Additional measurements of the reflected phase were made for the 

high power levels.  Strong field induced ionization effects were observed at 

incident peak powers above 600 W for the experimental conditions.  The effect 

of the electrophi1ic additive Freon 11462 upon the transmission properties of 

high power pulse transmission was also studied. The addition of a \%   mole 

fraction of Freon 11462 vapor to dry air provided a reduction in attenuation 

losses up to 7 d6 at 5-0 kW peak incident power.  The reduction of the 

electron density was also measured by flush mounted electrostatic probes 

located immediately downstream of the transmitting antenna. 
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INTRODUCTION 

During the flight of a high speed reentry vehicle, sufficient ioniza- 

tlon occurs during the termiral phase of the flight tu cause a significant 

reduction in the microwave power transmitted by a surface mounted antenna. 

The reentry plasma for a slender reentry vehicle is confined to the thin 

boundary layer surrounding the vehicle which, although inhomogeneous, is 

usually in thermodynamic equilibrium at altitudes below 100,000 feet.  At 

this period In the reentry trajectory communication requirements must be met 

where the plasma is-overdense for the applied signal frequency.  In addi- 

tion, the electron-neutral collision frequency is usually of the same order 

of magnitude as the signal frequency.  Efforts to increase the amount of 

Iransmitted power by simply increasing the incident power are hampered by 

the coupling of the incident electric field to the plasma causing an increase 

In the total amount of attenuation caused by the plasma.  In order to obtain 

more basic data for low altitude, high speed reentry conditions, an experi- 

mental program was conducted to simulate typical low altitude reentry en- 

vironments and perform controlled laboratory measurements to determine the 

effect of an overdense plasma upon high power microwave transmission.  Based 

upon trajectories of high ballistic coefficient reentry vehicles, typical 

plasma conditions were established.  Simple X band waveguide antennas loaded 

with dielectric antenna windows v/ere selected for the radiating and re- 

ceiving antennas. 

The effect of the addition of an electrophi1ic agent into a dense plasma 

was also investigated in order to study the effect upon microwave transmission. 

Previous laboratory and flight test measurements have indicated the effec- 

tiveness of certain electrophi 1 ic compounds upon the microwave performance of 

a reentry antenna at relatively high altitudes.  The effectiveness of the 

fluorocarbon Freon 11462 as a plasma quenchant was studied during this program 

over a range of input power and plasma conditions simulating low altitude 

reentry. 

A high performance shock tube was used to generate the air plasma. 

Plasma conditions were controlled by adjusting the shock tube initial condi- 

tions. A diagnostic study of the shock generated air plasma was performed 

•7- 



and a calibration of ail Instrumentation was accomplished. Microwave ex- 

periments were performed at low and hiyh incident power levels using con- 

ventional microwave hardware. Details of the experimental techniques and 

results are described in detail in subsequent sections. 



PLASMA DIAGNOSTIC EXPERIMENTS 

Shock Tube Faci11ty 

The shock tube used for the experimental   measurements utilizes a con- 

verging conical   driver section  to heat the driver gas.    Electromagnetic 

forces supp'ied by  the discharge of a 20 kV,  392 pF capacitor bank were used 

to compress and heat  the driver gas and provide   ."ncreased performance over 

more conventional  driver techniques.    After bursting a thin diaphragm,  the 

flow expands and forms a new moving  shock wave system  in the driven section. 

A schematic of the  shock tube  is shown  in Figure  1.    The details of the driver 
1  2. 

technique and shock  tube performance have been published previously      .    The 

driver section consists of a 3.81  x  1.27 cm rectangular tube with a  length 

of  111.5 cm.    The  tube was machined from aluminum and several  observation 

ports were  located along the axis of the tube.    The driver section was termi- 

nated with a cylindrical   dump tank which was  connected to the vacuum system. 

The driver and driver sections were separated with a  diaphragm of Saran and 

room air was  used as  the driver and driven gas.    A  liquid nitrogen cold trap 

was  used  to  remove water vapor  from  the  test  gas.    The pressure   in  the driver 

section was maintained at 0.5  torr while  the pressure   in  the driver section 

was either 5.0 torr or  10.0 torr.    A precision  capacitance manometer was 

used  to measure all   static gas  pressures.    The  shock velocity was varied by 

adjusting  the capacitor bank voltage  to the desired  level.    Capacitor bank 

voltages   from 7-9 kV provided shock velocities of 2.8-'» mm/usec  for the 

prescribed  initial   conditions.    The  rectangular  test  section had provisions 

for observation ports  at   10 cm  intervals along  the  length of the  tube.    Pro- 

visions  for special   dielectric  test  sections were available at a distance of 

80 cm from the diaphragm. 

Flow Veri ficat ion 

The shock velocity  is  the most   important parameter  in  the determination 

of test gas conditions.     Once the shock velocity  is known,   the thermodynamic 

^udderow, W. H.,  J.  Appl.  Phys.  43,  373  (1972). 

2Rudderow, W. H.,  J.  Appl.  Phys.  ^3,  380  (1972). 
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State of the gas flowing behind the shock wave can be deiermined from well- 

known shock tube theory. The equilibrium thermodynamic properties of air 
3 

in the temperature range of interest have been calculated and are available . 

The shoci. velocity can be accurately determined by the measurement of the 

passage of the shock wave at several locations along the axis of the tube. 

Piezoelectric static pressure gages were installed along the axis of the 

tube to indicate the passage of the shock wave. The pressure gages were 

developed previously by this laboratory and have a nominal rise time of 

0.1 microseconds . The piezoelectric probe outputs were then input [filo 

dual beam oscilloscopes to determine the time interval of the passage cf 

the shock wave between several locations and permit the calculation of he 

average shock velocity. 

The useful test time and flow uniformity can be determined from the 

response of a flush mounted electrostatic probe.  Experiments were conducted 

to evaluate the test time and flow uniformity using a number of wall mounted 

electrostatic probes and p'ate mounted probes. The output of an electro- 

static probe was used to determine the useful test time.  Simple flush 

mounted electrostatic probes for wall measurements were constructed as 

shown in Figure 2. The collecting electrode was fabricated from copper and 

insulated from the shock tube wall with a Teflon spacer.  The shock tube wall 

was used as the reference electrode, and the entire probe was mounted in a 

coaxial arrangement. The center electrode was biased relative to the wall 

with a battery, and the collected current was measured by observing the voltage 

drop across a load resistor placed in the circuit. The load resistor was 

selected according to the expected probe current. A typical response of a 

wall electrostatic probe and a pair of static pressure probes is shown in 

Figure 3-  The output of two identical static pressure probes were input 

into a differential amplifier and the signals were subtracted to permit the 

time interval for shock passage to be displayed on the same trace. 

The flow uniformity was also investigated in two perpendicular direc- 

tions at a fixed axial location. Several small diameter electrostatic probes 

^enard, W. A. and Horton, T. E., NASA CR 10660 (1969). 

Vudderow, W. H., J. Appl. Phys. 39, 1 (1968). 
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were located in a brass sharp edged ground plane to measure the planarity of 

the shock wave and the flow uniformity across the maximum dimension of the 

rectangular shock tube.  A photograph of the ground plane with several elec- 

trostatic probes installed is shown in Figure Aa. The results indicated good 

uniformity and negligible curvature to the shock front.  The uniformity across 

the minimum dimension of the shock tube was measured with three probes mounted 

in a sharp edged plate as shown in Figure Ab.  Typical response of the electro- 

static probes is shown in Figure 5 which indicates the flow uniformity in 

the transverse direction.  Measurements over a wide range of shock velocities 

indicated similar results. 

The useful test time is defined as the time between the passage of the 

shock wave and the arrival of the contact surface. The gas contained between 

the region of the shock wave and the contact surface has been heated by the 

shock wave and is generally free from contaminants. However, viscous effects 

cause a loss of mass flow in the test gas with a net result in the loss of 

available test time as compared to inviscid shock tube theory .  For the 

pressures and velocities encountered over the range of selected experimental 

conditions, losses due to an equilibrium turbulent boundary layer are ex- 

pected.  Wall mounted electrostatic probes are quite useful In the determina- 

tion of useful test time since the arrival of the shock wave and the contact 

surface are easily and accurately determined from output oscilloscope traces 

indicating the collected probe current. The results of the measured test 

time for an initial shock tube pressure of 10 torr are shown in Figure 6 

and compared with the theoretical prediction of available test time including 

losses due to a turbulent wall boundary layer . The effect of varying probe 

bias was also investigated but no significant effect upon run time measurement 

was observed. The scatter In the run time measurements is probably caused 

by diaphragm opening effects, and this effect is seen In many high performance 

snock tubes. The available test time Is shown in Figure 7 for an initial 

shock tube pressure of 5 torr for a fixed probe bias of -12 volts. Similar 

scatter in run time is observed, but sufficient run time is available for all 

planned experiments. 

5Mirels, H., AIAA J. 2^, 8A (196M. 

Bredfeldt.H. R., Scharfman, W. E., Guthart, A., and Morita, T,, AIAA J. 5, 
91 (1967). 
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FIGURE ^A.  GROUND PLANE ELECTROSTATIC PROBES 

FIGURE ^B.  PLATE MOUNTED ELECTROSTATIC PROBE 

-1', 



OUTSIDE  PROBE 

CENTERLINE  PROBE 

INSIDE  PROBE 

CENTERLINE  PROBE 

FIGURE   5.  PLATE  MOUNTED  ELECTROSTATIC  PROBE  RESPONSE 

-16- 



DC        E 

O 

C      un 
—      >0 

i n v-D LTS 
LU y- oo < 
--.   *T LO <J ■ J CO ' J 
—   LU UJ — i J r— '— 
H-  —1 ro a 

n O i 1 1 
Z     L.-) a i   , 
3 Q: 
a: 3 ÜJ 

a. <l c o    - .r\ 
h- >■ X 

_J < U1 < < -J 3 
i_) -J — r* >• U- 
»- a a' 
UJ •I a; a i i 
O   UJ 2 
LJ  t/i 3 
in ••< O 
I- ra 

1 

03 

1.3 

-r 
cc 
cc 
o 
h- ^—^ 

o O 
u 

,~ 
i 

II 
v 
L a. 
t 

LÜ 
3: 

i/i t— 

^ 
3 
a: 

o 

\0 

3 

J L o 

'oac' j  3wi i N.na 



DO 

DC 
oc -—- 
o E 

(~ 
O „I   -— 

• O CTi 
UJ   L-O >        • 
ca '^ 
o i—i co :o 
CC DC r— 
Cx. ~; i    i! 

rr L/i oo _j 
OO  Ui tC  
rD CL •— 
_j a. co so 

.j L^I rr 
<: ca o 
•—• o ■—■ 
K- o: t- 
>—• D- CC 

«—• 00 

D 

D 

D 

D 

Ü 

CO 

vr 

a: ^ . o 
O H 
GJ 
00 Lr\ 

o <^ 11 
■ F 

«!t E 

>- z 
H — 
»—4 h- 
c_) 
O :T 
_J _> 
LU rr 

co > 
M ^ 

o UJ 
I 01 
oo _J 

o 

ro 

CM Cj 

O 

(DOS') Bi-jii fjny 

-18- 



Wall  Mounted Electrostatic Probe Measurements 

The  usefulness  of  the  flush mounted  electrostatic  probe   in   the  deter- 

mination  of   local   electron  concentrations   in  high  speed  flows  has  been 

demonstrated   in   laboratory and  full   scale   flight experiments     *      .     Most 

of  the experiments   have been  performed  at   relatively   low density   levels  where 

the  assumption  of   frozen   flow   is  a  good  approximation.     At  higher  pressure 

levels  equilibrium   flow   is  expected,   and  a  series  of diagnostic  experiments 

were  performed   to  measure   local   electron  concentration   levels   using  an  exten- 

sion  of  simple  probe   theories   to  deduce   the   local   electron  density. 

A  simple   theoretical   approach   to  flush  probe  operation   is   the   theory 

presented   by   Bredfeldt   et  al   .     The  basic  assumption  considers   the   sheath 

dimension   smaller   than   the   boundary   layer   thickness   such   that   convective 

effects  can   be   neglected and   the   full   random  flux   is  collected  by   the  probe. 

The   sheath   edge   Is   then  determined   from   the   planar,   space-Iimited,   mobility 

controlled   diode  equation.     Fringing   field effects   are  also neglected,   there- 

fore   the  collected  current   depends  only  on   probe  geometric area.     The   theory 

also   indicates   a weak  dependence  upon   temperature  and mobility,   therefore 

only  an  estimate  of   these  quantities   is   required   to  analyze   the   results   of 

the  measurements.     The   theory  of  Bredfeldt   et  al   does  not  predict  a   relation- 

ship  between   the   free   stream electron  density  and   the  density  at  the   sheath 

edge   located within   the  boundary   layer.      In  order  to check  the  validity of 

the  theory  an  estimate  of  the electron  density  at   the sheath edge must  be 

made   from boundary   layer  theory  based  upon  measured edge conditions. 

7 

8 

10 

1 

12 

13 

Lederman, 5., and Avidor, J., Israel J. of Tech. 9, 19 (1971). 

Burke, A. F., AIAA Paper Mo. 68-166, 1968. 

3Chung, P. M., and Blankenship, V. D. , AIAA J. ±,   kk2   (1966). 

Boyer, D. W. , and Touryan, AIAA J. JjO, 166? (1972). 

Russo, A. J., and Touryan, K. J., AIAA J. ]0_,   1675 (1972). 

Hayes, D. T., and Rotman, W., AIAA J. 2_, 675 (1973)- 

Hayes, D. T., AIAA Paper No. 72-(>9k,   1972. 
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Following  Bredfeldt  et   al,   the   full   random current  at   the  sn^ath  edije 

is   assumed   to   be  collected  by   the  probe, 

J  -   l/A  neV(h   , 

where the charged particle thermal speed is 

3kT  1/2 
V , = ( 2.) 
th  v m 

For the data analysis the geometric area of the probe was used as the collect- 

ing area, and the electron temperature was assumed to be equal to the equilib- 

rium gas temperature.  The location of the sheath edge was determined from 

the planar, space-1 imi ted, mobility controlled diode equation 

j = 9/8.n.. (1T) 
ys 

where ■  is the permitivity of free space, ,..   is the charged particle .nobility, 

V is the probe voltage, and y  is the normal distance from the probe surface 

to the sheath edge.  Based on an estimate of the charged particle mobility, 

the distance to the sheath edge can be determined from the measured experi- 

mental parameters.  The ion mobility was calculated from the Langevin equation 

using theromdynamic properties defined at the edge of the boundary layer. 

Since the mobility is not a strong function of temperature, the temperature 

at the boundary layer edge value was used for the data reduction.  When the 

probe was biased to collect ions, the ion current was assumed to consist of 

NO  ions for the entire range of shock velocity.  This assumption is Dased 

upon calculations of equilibrium air specie concentrations in the temperature 

range of 3000-6000"K. 

In order to relate the measured current density to the free stream 

electron density, an estimate of the electron density profile is required. 

Bredfeldt et al, have derived a zero order laminar boundary layer theory 

based upon frozen flow and unity values of Prandtl, Schmidt, and Lewis numbers. 

Cobine, J. D., Gaseous Conductors, p. 36, Dover, New York, 1S58. 
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Since equilibrium, turbulent boundary layer flow is expected over the range 

of Initial shock tube conditions for the experiments described here, a new 

estimate of the electron density profile must be made. 

The shock tube wall boundary layer appears unsteady to an observer 

fixed in the laboratory frame of ref> rence according to well-known shock tube 

theory.  Immediately behind the moving shock the boundary layer forms and 

grows rapidly according to the initial shock tube conditions. Transition 

from a laminar to a turbulent boundary layer will occur above a certain 

Reynolds number based upon the shocked gas flow conditions and any distur- 

bances Induced in the flow during the diaphragm opening process.  For the 

experimental conditions described here a fully turbulent boundary layer is 

expected.  This has been substantiated with the measurements of the avail- 

able test time based on losses due to a turbulent boundary layer; however, 

a complete experimental verification of the existence of a wall turbulent 

boundary layer was not made. 

Preliminary measurements of the ion current collected by an electro- 

static probe biased over a wide range of bias voltages indicated a steady 

time response during the useful test time period.  This result indicates 

that the probe sheath edge was either located outside the boundary layer edge 

or that the unsteady effects for the shock tube conditions and probe location 

were of secondary importance.  In order to examine this question, a comparison 

was made of the measured electron density with the free stream electron density 

based upon calculations of equilibrium air using measured shock velocity. 

The results of these measurements are shown in Figure 8.  The agreement is 

quite poor with the electron density well below the predicted free stream 

value which suggests that the sheath edge was located within a wall boundary 

layer.  Based upon these observations, a simple engineering model of a steady, 

ionized, turbulent boundary layer was selected as a crude approximation to 

the observed flow and the electron density profile calculated and compared 

to measured results . 

The flow conditions behind the shock were defined as the edge conditions 

of the boundary layer and were determined from calculated real air equilibrium 

•21 
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thermodynamic properties .  The turbulent boundary layer profiles were cal- 

culated from the method presented by Jacobs  .  Following Jacobs the velocity 

profile is assumed to follow a 1/7 power law relationship 

MM. (V
/7 

u   V 
e 

where U is the edge velocity, y is the normal distance in the boundary layer 

profile, and 6 Is the velocity thickness. The relation between the velocity 

thickness and the momentum thickness Is obtained from the power law relation- 

ship 

|= (n+l) + [(Uli) ^][I + .SASr^M 
r e 

where n is the integer (=7) in the velocity power law relationship, 9 is the 

momentum thickness, h  is the recovery enthalpy, h  is the wall enthalpy, 
r ' w 

h     is   the  enthalpy  at   the  boundary   layer edge,   and   r   is   the   recovery  factor. 

The momentum  thickness   is  obtained  from  the  Blasius   relation 

- =   .019^  c x 

where x is the wetted distance and 

* * .2  --^ .6 p U x .2 
c = (£JL-)  (i-) /(JSJL.) 

V'e    Pe     l,e 

where   the  starred quantities  are   evaluated at   the   reference  enthalpy.     The 

enthalpy profile   in  the .boundary   layer   is  predicted by   the Crocco   Integral 

2 U 
h(y) = hw + MM („t . hw) . [MM, ^ 

e e 
is the wall enthalpy and H Is the total 

is assumed to be constant across the boundary layer, the remaining thermodynamic 

e e 
where h     is  the wall   enthalpy and H     Is   the  total   enthalpy.     Since  the pressure 

w ' t 

Jacobs, H. R., "Engineering Approximations of the Effects of Blunting 
on Cones In Laminar and Turbulent Flow," Aerospace Report No. TR-0158 
(S38l6-Al)-I,   1967. 
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properties and specie concentrations can be determined from real air thermo- 

dynamic tables  '  after the local enthalpy has been determined. 

Measurements of the ion current collected by a negatively biased and 

positively biased wall mounted probe were made for an initial shock tube 

pressure of 10 torr.  The probe was located 65-2 en; from the diaphragm and 

biased at •IS.G volts relative to the shock tube wall.  The sheath edge 

location was calculated from the diode equation using the measured current 

density and calculated charged particle mobilities.  The boundary layer 

thickness was also calculated for the range of expected conditions using the 

distance from the diaphragm as the wetted distance.  This approximation treats 

the side wall as a flat plate in a uniform stream.  The boundary layer thick- 

ness was calculated to be greater than the measured sheath distance over the 

entire range of flow conditions.  The results of the measurements are, com- 

pared to the theoretical predictions in Figure 9 for a prooe biased to rollect 

ions and in Figure 10 for a probe biased to collect electrons.  The agreement 

with the theoretical predictions appear to be reasonable in both cases.  An 

evaluation of the theoretical model at a different value of probe bias, probe 

location and initial pressure was also performed.  The results of these 

measurements are shown in Figure II ".'here similar agreement with theory is 

also observed. 

Flat Plate Electrostatic Probe Measurements 

Owing to the theoretical difficulties in the analysis of wall mounted 

electrostatic probes, a series of measurements were performed using probes 

mounted in a sharp edged flat plate mounted inside the shock tube test sec- 

tion.  For these measurements the flow over the plate will appear steady to 

an observer in the laboratory frame of reference after a short transition time 

to i n i t i ate the flow. 

"Thermodynamic Properties of High Temperature Air," Chance Vought Research 
Center Report RE-IR-14, 1961. 

Logan, J. G. and Treanor, C. E., Taoles of Thermodynami c Properties of 
Air from 300oK to 10,000C'K at Intervals of 100oK, Cornell Aero. Lab. 

Report BE-1007-A-3, 1957. 
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I 0 

The probe  theory of Chung et  al       offer;,  the advantage of an explicit 

relationship between measured current  density and  free  stream electron 

density.     For conditions on a  flat  plate   located  in  the center of  the shock 

tube   the Chung theory becomes  appropriate  for  low   levels  of probe  bias. 
19 

The effect of probe bias  has  been   investigated by Scharfman and Bredfeldt 

who  found  that   reasonable agreement with Chung theory was  possible  for probes 

biased  at   -}  volts.     Since   the  purpose of  the measurements  was   to deternrne 

the   free  stream electron  density  at   various  positions   in   the  shock   tube  test 

section,  all   probes were bi3sed   in a -3  volts   relative  to  the plate and  the 
18 

theory  of  Chung et  al       was   used   to  deduce   the electron  density.     A  series 

of measurements  of  the collected   ion  current  over a  range  of   free  stream 

electron  densities  was  performed   for  a   fixed   initial   pressure  of  5   torr. 

The   results   are  shown   in  Figure   12  and  compared with   the  prediction  of  Chung. 

The  agreement  with   theory  appears   good;   however,   a   reduction   in   slope  with 

increasing electron  density   is  apparent.     This  observation   is   in  agreement 

1 9 with   previous  measurements.   J 

Stagnation  Point   Electrostatic  Probe Measurements 

The   stagnation  point  electrostatic  probe  has  been  suggested  as  a  useful 
20 21 

means of measuring the electron density in ionized flows  '  .  The operation 

of r.ne stagnation point probe is similar to the flush mounted probe for the 

collection of probe current; however, the advantage of the stagnation point 

probe is the fact that the flow field surrounding the probe is usually known 

with a greater amount of confidence than flow conditions far o'ownstream of 

the stagnation point.  For shock tube applications a shock wave will form 

in front of a blunt protruding probe requiring additional flow field calcula- 

tions to determine boundary layer edge conditions.  The non viscous flow 

around the probe will consist of a region between the stand-off shock and the 

boundary of the viscous layer.  The probe sheath will extend into this region 

Chung, P. M., Talbot, L. and Touryan, AIAA J. ]2_, IM (197M. 

I q 
W. E. Scharfman, and H. R. Bredfeldt, SRI Final Report Subcontract 601603 
under Contract DA 30-069 AMC-333(Y), 19^7 (unpublished). 

20Talbot, L., Phys. Fluids 2. 289 (I960). 

2lPollin, I., Phys. Fluids 7, I/«33 (196^). 
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depending on ^he probe bias.  For the experiments performed here the probe 

sheath thickness is less than the boundary layer thickness and the electron 

density will be measured within the laminar boundary layer. 

The construction of the stagnation point probe is similar to the flush 

mounted probe with the copper center electrode biased relative to the shock 

tube wall. A sketch of the probe which illustrates the coaxial configuration 

is shown in Figure I3a.  The probe was biased with a battery and the probe 

current was determined from the voltage drop across a load resistor inserted 

in the circuit. A typical response of the probe is shown in Figure 13b 

where the velocity at the same axial location of the probe was also measured 

from the output of piezoelectric static pressure probes.  The shock wave ahead 

of the stagnation point probe forms rapidly, and the flow relaxes to an 

equilibrium flow in a few microseconds. 

The Bredfeldt probe theory was also used to define the stagnation point 

probe operation.  The sheath edge was calculated with the same diode equation 

used to define the flush probe sheath edge.  The full random flux was assumed 

to be collected by the probe at the sheath edge, and stagnation properties 

were determined from conditions at the edge of the viscous layer. 

The flow surrounding the probe is the classical hypersonic stagnation 

point flow field. The most universally accepted solutions to the stagnation 
22 

point problem are the solutions of Fay and Riddell  where the heat transfer 

through the boundary layer has been shown to be adequately predicted by a 

simple correlation formula.  For an equilibrium boundary layer the Fay-Riddell 

formula presents a simple relation for Nusselt number.  The Stanton number can 

then be calculated from the definition of Nusselt, Prandtl, and Reynolds 

numbers.  With the aid of the modified Reynolds analogy between heat transfer 

and skin friction, a relation for the boundary layer momentum thickness can 

be obtained.  The momentum thickness for a flow in which the Lewis number is 

uni ty is 

22Fay, J. A. and Riddell, F. R., AIAA J. 25, 73 (1958). 
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p.u ^ -1/2    -1/3 
-'   1.3M-M  (Re)    (Pr) 

' w"w 

where = momentum thickness 

x ■ probe radius 

P ■ dens i ty 

u = viscosity 

R  = Reynolds number 
e 

P = Prandtl number 
r 

and the subscript s reters to conditions at the edge of the boundary layer 

and the subscript w refers to conditions at the wall. With the assumption of 

a power law velocity profile a relation between the momentum thickness and 
23 

boundary layer thickness can be established from their respective definitions 

An approximation to the velocity profile may be made from the similar solutions 

of Fay and Riddel 1.  A power law variation of velocity profile with an exponent 

of \/k   is an approximation which holds for 80^ of the total profile.  The 

enthalpy profile can now be calculated for the assumed velocity profile using 

the Crocco integral method.  The electron density at the sheath location can 

be determined with the aid of real gas tables  '  after the enthalpy and 

pressure have been determined. 

Measurements of the probe current collected by a stagnation point probe 

located on the c^nterline of the rectangular test section were made for a 

range of incident shock velocity.  For these measurements the shock tube 

initial pressure was maintained at 5 torr and the probe bias was fixed at -12 

volts.  The electron density and the sheath distance were calculated in the 

same manner as the wall mounted flush probes.  The electron density as deduced 

from the probe current measurements is shown in Figure \k  where the results 

are compared with the theoretical predictions.  The stagnation point probe 

electron density measurements appear to agree within a factor of three with 

the predicted values. 

23 JSchlichting, H., Boundary Layer Theory, McGraw-Hill, I960. 
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Conductivity Probe 

Another method of measuring the electron density in ionized gas flows 

is the conductivity probe proposed by Aisenberg and Chang . The technioue 

uses a sensitive marginal oscillator whose oscillation amplitude is a func- 

tion of the Q of a tank circuit. A coil of the resonant circuit is placed 

adjacent to the plasma where RF eddy currents are induced according to the 

plasma conductivity.  The RF coupling causes a reduction of the Q of the 

resonant circuit which results in a reduction in the amplitude of the oscilla- 

tion.  Using the design of Aisenberg and Chang, a coil probe and marginal 

oscillator circuit was constructed and is shown in Figure 15- The coil probe 

was fabricated to enable the face of the probe to the flush mounted to the 
25 

shock tube wall as suggested by Aisenberg and Hu  .  Using the suggested 

probe geometry and circuit component values, a compact circuit suitable for 

shock tube use was built. The oscillator circuit was adjusted and a suitable 

output signal was observed from the circuit when the probe was placed in 

close contact with a metallic conductor.  Difficulty, however, was encountered 

when the probe was placed in close contact with salt solutions which gave 

conductivities in the range of the expected air plasma conductivity.  The 

lack of sensitivity proved to be a severe problem which indicated that the 

conductivity probe was unsuitable for the present application.  Other laboratory 

plasma experiments using the conductivity probe yield similar difficulties 
26 

with sensitivity 

FLUSH MOUNTED APERTURE ANTENNA EXPERIMENTS 

The effect of a high power microwave pulse incident upon a layer of 

partially ionized air ca., cause additional electron production due to electric 

field induced ionization. The result of the additional ionization produced 

Ik 
Aisenberg,   S.,   and  Chang,   K.   W.,  "An  Rr   Coil   System for  the  Measurement  of 
Plasma  Electrical   Conductivity," AFCRL-70-0033,  October   1969. 

25 Aisenberg,   S.,   and  Hu,   P.   N.,  "A Theoretical   and Experimental   Study  of 
Plasmas,"  AFCRL-7i"0018,  November   1970. 

Churchill,   R.   J.,   Chan,   P.  V/.,   and Wilhelm,   H.   E.,   "Environmental   Effects 
on Aerospace  Sensor  Systems," AFCRL-TR-7^-0535,   October   197^. 
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FIGURE   15.   CONDUCTIVITY  PROBE 
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by the  intense electric fields   in the near zone ot  s  reentry antenna  is  a 

further degradation of the  transmitted signal       Flight  test measurements of 

an S band antenna   located   in  the stagnation   region of a blunt  reentry vehicle 
27 

indicate  the  strong effect  of   incident power  level   upon antenna performance     . 

The   increased electron concentration also causes  an   increase   in  the  reflecteo 

power   level  which places  an additional   constraint  upon   the designer of a 

reentry communication system.     Mutual   coupling and other near  field effects 

also become   important  at high power  levels. 

The breakdown of air at microwave  frequencies  has  been  studied for 
28 

standard  temperatures  and   low pressures     .     The effect of elevated  temperatures 

upon   the   ionization   frequency has also been  carefully  studied  for  low pressure 
29-32 

air .    Theoretical   and experimental  studies of antenna system performance 

including  the  non-linear   interaction of the   incident wave and plasma medium 
o -3 _, Q Q 

have been made for a number of cases of interest    .  Shock tube experiments 

27 Rotman, W.   and Maloney,  L.   R.,  Air Force  Cambridge Research Laboratories 
Report No.   AFCRL-TR-73-0072,   1973- 

Gould, L. and Roberts, L., J. Appl. Phys. 27, 1162 (1956). 

29TayIor, W. C, Chown, J. B., and Morita, T., J. Appl. Phys. 39, 191 (1968) 

30Epstein, M. , Phys. Fluids, M_, 896 fl968). 

^Light, G. C. and Taylor, E. C, J. Appl. Phys. 33., 1591 (1968). 

32Light, G. C, J. Appl. Phys. '♦O, 1715 (1969). 

33 Fante,   R. ,   J.   Appl.   Phys.   ^2,   '♦202   (1971). 

34 
hayhan, J. T., Fante, R., O'Keefe, R., Elkin, R. , Klugerman, J., and Yos, 
J., J. Appl. Phys. ^2, 5362 (1971). 

35Mayhan, J., IEEE Trans. Antennas Prop., 251 March (1969). 

3 Mayhan, J. and Fante, R. , J. Appl. Phys., 40, M9 (1969). 

37Mayhan, J. and DeVore, R. V., J. Appl. Phys. 39., 57/«6 (I968). 

3 Mayhan, I. and Fante, R. , J. Appl. Phys. 40, 5207 (1969). 
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39-J40 
have also been performed examining the interaction     of intense electric 

fields interacting with a plasma contained In a waveguide. Recent theoretical 

and experimental results have also been published which include the effect of 

chemical alleviants upon the non-linear interaction phenomena    . The 

microwave results all indicate a rapid attenuation of the incident pulse 

followed by a relaxation to an equilibrium value.  A perhaps more significant 

result is the observation that there is a critical input power level above 
33 3^ 

which there is no increase in transmitted power    . The critical input 

power level will be a function of the plasma conditions and the aperture 

electric field. 

Owing to the many complexities of wave-plasma interaction phenomena, 

an experimental program was undertaken to extend the range of high power 

transmission measurements to include high plasma frequencies and high 

electron-neutral collision frequencies.  Supporting plasma diagnostic data 

were also obtained to determine local electron density and local flow velocity. 

For the high power measurements a single pulse located near the center of 

the uniform test gas slug length was selected. 

The shock tube rectangular driven section had provisions for observation 

ports at 10 cm intervals along the length of the tube, and a special dielectric 

test section was installed at an axial location of 80 cm from the diaphragm. 

The shock velocity was measured with several piezoelectric static pressure 

gages installed along the shock tube wall while the electron density was 

measured with flush mounted electrostatic probes mounted in the antenna 

sharp-edged ground plane. A photograph of the shock tube facility is shown 

in Figure 16.  The initial pressure in the driven section was maintained at 

5.0 torr for all measurements using dry, room air as the test gas. 

39 
Mayhan,  J.  T.,  Air Force Avionics Laboratory Technical   Report 2151-6, 
December  196?. 

Mayhan, J.  T.,  Stockum,  L.,  and DeVore, Air Force Avionics Laboratory 
Technical   Report  2151-5.  August  1967- 

^Papa,  R.  J.   and Taylor,  R.  L.,  J.  Appl.  Phys. ^5,  684   (1974). 

Papa,  R.  J.   and Taylor,  R.  L., Air Force Cambridge Research Laboratories 
Report No.   AFCRL-TR-73-075i*,   1973- 

43 Papa,  R.  J.   and Taylor,  R.  L., Air Force Cambridge Research Laboratories 
Report No.  AFCRL-TR-73-0362,   1973- 
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Low Power Microwave System 

The initial microwave experiments were performed for a )ow power (15 mW) 

cw signal. A simple waveguide aperture antenna was installed in a brass 

ground plane and Installed inside the dielectric test section as the trans- 

nitting antenna.  A small horn antenna or a waveguide antenna was Installed 

outside the test section as the receiving antenna for the initial experiments. 

A half wavelength Teflon plug was inserted in the transmitting antenna as an 

antenna window.  A sharp edged ground plane was positioned inside the test 

section and was shaped to minimize the flow disturbances over the antenna 

aperture. The test qas consists of a portion of the shock generated plasma 

which flowed between the ground plane and the dielectric wall of the test 

section.  The plasma layer thickness covering the antenna could be varied 

fron 3-18 mm to 12./ mm by adjusting the location of the transmitting antenna 

ground plane relative to the dielectric wall.  A schematic of the test section 

is shown in Figure 17-  Reflections from the dielectric wall of the test sec- 

tion were minimized by cutting ö series of horizontal and vertical grooves 

in the inside wall of the test section.  The location and depth of the grooves 

was conducted on a trial and error basis until the reflections were minimized. 

The outside of the test section was covered with a microwave absorbing material 

to further reduce scattering.  A photograph of the test section is shown in 

Figure 18.  Provision for the installation of a piezoelectric static pressure 

probe was provided in the top of the test section.  Several flush mounted 

electrostatic probes were mounted in the antenna ground plane to monitor the 

local electron density.  The collecting electrodes were fabricated from 1.59 

mm diameter copper with a Teflon spacer to insulate the electrode from the 

ground plane.  One probe was located on the aperture center!ine at the edge 

of the ground plane while the remaining probes were located downstream of the 

aperture cen terline. 

The low power microwave signals were generated by an x-band test set and 

were launched and detected using conventional x-band waveguide hardware. A . 

schematic of the lev/ power microwave circuit is shown in Figure 19- 
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High   Power  Microwavf   System 

Conventional   magnetronb  were   used  to  generate   the  high  power  signals. 

A  QK790  and  a  RKJ'*2  magnetron  were   used  to generate  signals  with  peak  pulse 

power   varying   from 600  W  to   7-0   kW.     The  QK790   frequency was   fixed  at   9-02 

GH.-.     The  RK2J^2  had a   fixed   frequency  of  9-382  GHz.     Power  could  be   varied 

using  suitable  power  dividers  and  attenuators.     The  pulse  modulation was 

supplied  by  a  Velonex  Model   350  high  power  pulse  generator   using  a  Model   1123 

pulse   transformer module.     The  20  kW pulse  generator  supplied  sufficient  power 

to   drive  either magnetron   to maximum capability.     The  pulse  generator  also 

provided  a  variable  pulse   length   and  pulse   repetition   frequency.      For  all 

experiments  a pulse   length  of  2.0  microseconds  and a  single  pulse  mode was 

selected.     Since  the  pulse  modulator  did not  have  a provision   for  supplying 

power   for  the magnetron  heater  filaments,   an  ordinary 6  volt  storage  battery 

was   used as  a  floating  power  supply.     This  simple  system provided  system 

flexibility  and  reliable operation. 

In  order   to   trigger   the   magnetron   at   the   proper   time,   a   trigger  circuit 

consisting  of  a   fast   rise  piezoelectric  static  pressure  probe  and  a  variable 

delay   pulse  generator were  used   to   trigger   the  pulse  modulator.     The  static 

pressure  gage  was   located   in   the   top of   the   test   section  at   the  centerline  of 

the   aperture   antenna.     The   pressure   gage  was   developed  previously   by   this 

laboratory   and  has   a  nominal    rise   time  of  0.1   microseconds.     The   trigger 

pulse  was   delayed   to   insure   a   uniform   flow existed  over  the   aperture   before 

triggering   the  pulse  modulator.     Typical   delays  of  2.0  to  ^.0  microseconds 

were   employed   for   the   range  of   shoct'   velocities. 

Diode   detectors  were  used   to measure   the   incident,   reflected,   and   re- 

ceived  power   using  suitable  attenuators   to maintain   peak   power   levels  within 

the   detector  operating   range.     All   detectors   and attenuators   were   carefully 

calibrated  at   the  magnetron  operating   frequency  at   low power   levels.     The 

detectors  were  also checked  at  high  power   levels  by  measuring   the  average 

detected  power with  a  bolometer  power meter while  pulsing   the  magnetron  at  a 

known   duty   cycle.     Detector  calibrat!ons   Included all   connecting  cables  and 

terminations   used   for   the   shock   lube  measurements.      In  order   to  obtain  maximum 

reflected  power   levels,   a   brass   plate   or  a  graphite   slab was   calmped   to   the 

transmitting  antenna  ground  plane  and  the  peak   incident  and   reflected  power 
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were  recorded for a  range of   incidert power  levels.    The   reference  received 

power was measured with  the  shock tube at atmospheric pressure.     A schematic 

of  the  high power microwave  system  is  shown  in Figure  20.     Various  tuners were 

used  to  remove  residual   discontinuities   in the   line and  to minimize  reflec- 

tions  due  to mismatch. 

The high  power measurements were conducted at a  fixed  plasma   layer- 

thickness of 3-18 mm.    The waveguide  antennas  used  for  the   low power measure- 

ments  were also used  for  the  high  power experiments. 

Horn Antennas 

In  order  to more  closely  simulate  plane wave   transmission of  the micro- 

wave  signals,  a pair of H-plane horn  antennas were  fabricated.     Each antenna 

was  mounted   in a  brass  ground  plane  and   located   inside  a  dielectric  test 

section.     The  ground  planes  were  shaped  to minimize  any  disturbances   to  the 

flow and  to permit  a  fixed   thickness  of  shock generated  plasma  to  fill   the 

space  between   the  antennas   and  completely  cover  the  antenna  apertures.     Owing 

to  the   limited   length of  shock  processed  test  gas   in   the  shock  tube,   an H- 

plane  horn  design was  selected.     Two  horns were  fabricated   from brass  using 

the  dimensions  shown   in  Figure  21.     Four  flush mounted  electrostatic probes 

were   installed   in   the   transmitting antenna  ground  plane   to monitor   local 

electron  density.     The   two  antennas  were mounted   inside   the  dielectric  test 

section  with  a spacing  of  3.18 mm between  the antenna  ground planes.     The 

ground  planes  sliced a portion of  the  shock generated plasma  from the center 

of   flow  to minimize  shock   tube wall   boundary   layer effects   upon   the  electron 

density  profile over  the  antenna apertures.    A photograph  of  the  antennas 

installed  in  the test  section   I'   shown  in Figure 22.     Extensive bench  testing 

of   the  antennas was  performed   in order  to minimize   reflections and scattering 

from the  antennas.     A  slotted   line  and a   low power signal   source were  used 

to measure  the VSWR of  the  antennas.     The  thickness of a   resonant antenna 

window was  determined experimentally   for  the  fixed magnetron  frequency of 

9.382  GHz.     Improvement  of   the  VSWR was  obtained  by machining  a   radius  of 

curvature on one surface of  the Teflon window to form a  cylindrical   microwave 

lens.    The final  antenna configuration  installed  in  the  test  section had a 

measured VSWR of   ].7k.     The   insertion  loss measured with  a power meter was 

found  to be  3-0 dB  for  the  3.18 mm spacing.    A slotted   line and  a voltage 
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FIGURE 22. PHOTOGRAPH OF HORN ANTENNA AND TEST SECTION 
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probe were also added to the microwave circuit to permit the measurement of 

the phase of the reflected wave when the plasma covered the antenna. 

The four flush mounteJ electrostatic probes were constructed from 1.59 

mm copper electrodes insulated from the ground plane with Teflon spacers. 

The probes were biased to -3.O volts relative to the antenna ground plane 

which served as a common electrode for all four probes. The probes were 

biased with a battery, and the collected ion current was determined by 

measuring the voltage across a precision resistor in the probe circuit. 

Experimental Results 

Low Power Experiments - The initial microwave experiments were performed 

to study the transmission characteristics of the plasma at low power levels 

where incident wave electric field induced ionization was not expected. 

Incident power levels of the order of 15 mW were used at a fixed frequency of 

10.0 GHz.  A low power klystron contained in a Hewlett Packard Model 62^ 

X-band test set generated the cw signal.  Measurements of the incident, re- 

flected, and received power were made fur a range of shock velocities at a 

fixed initial shock tube pressure of 5-0 torr.  A calibration of the microwave 

system was performed to determine the reference incident and maximum reflected 

power levels prior to the initiation of the shock tube runs. 

In addition to the microwave measurements, the incident shock velocity 

and the local electron density were measured.  The shock velocity was measured 

with the use of piezoelectric static pressure probes. One probe was located 

in the shock tube sidewall and another probe was located downstream at the 

centerline of the transmitting antenna.  The current collected by a flush 

mounted electrostatic probe was also measured for each run.  A probe located 

on the antenna ground plane at the centerline of the transmitting antenna was 

used to determine shock front passage and uniform test time.  For these measure- 

ments the local free stream electron density was determined from the measured 

shock velocity using equilibrium real air the 

frequency was determined by the relationship 

3 
shock  velocity using equilibrium  real   air thermodynamic  tables   .     The  plasma 

^- = 8.98 x   10-5  ^n      Hz 
ZTI e 

-W- 



where n  is the electron density (cm ) 

The transient response of the detected reflected power and collected ion 

current is shown in Figure 23 for two values of plasma thickness.  The static 

pressure response and the received power are also shown in the figure.  Evi- 

dence of scattering of the incident wave is indicated by the small oscillation 

of the reflected and received signals. 

The measured transmission coefficient for a 3-18 mm plasma layer is shown 

for a range of free stream plasma frequency in Figure 2^.  The measured results 

are compared to Fante's impedance sheet theory  which includes the admittance 

contributions of a TE.« waveguide mode and the aperture admittance of an un- 

loaded rectangular aperture in a conducting ground plane. The plasma admit- 

tance was based upon calculations of the wall boundary layer profile assuming 

a steady turbulent boundary layer  .  The assumption of a steady wall boundary 

layer is a questionable assumption, but previous wall electron current measure- 

ments Indicated that unsteady effects are not significant for the present 

operating conditions.  The electron-neutral collision frequency was calcu- 

lated using the relationship 

.     =  5-3  x   109  p*   (sec"') 

p*  = p/po   (760). 

3 
The  density   ratio   in   the   test  gas was   determined  from shock  tube  tables   .     The 

plasma admittance  profile was   then numerically   integrated  to determine   the 

average  plasma  admittance.     The experimental   results   indicate a  reasonable 

agreement with   Fante's   theory with most of   the  scatter attributed  to experi- 

mental   inaccuracies.     The  data does   indicate   the  correct   trend with   increasing 

electron  density as  predicted by theory.     The measured   reflection  coefficient 

is  shown   in  Figure 25 and compared to Fante's   theory.     The agreement   is   similar 

to the  transmission  coefficient data,  and  the correct  trend with plasma  fre- 

quency   is  predicted. 

kk 
Fante,   R.   L.,   Radio Sei.   2,  8?  (196?) 
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FIGURE 23. LOW POWER TRANSIENT RESPONSE 
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The measured transmission coefficient for a 6.35 mm plasma layer thickness 

is shown in Figure 26.  The results are compared to the plane wave solutions 

of Poverlein  since the restrictions on the applicability of Fante's theory 

are not met for the increased plasma layer thickness. The results again indi- 

cate the correct trend with increasing plasma frequency.  The power reflection 

coefficient is shown in Figure 27 and compared with Poverlein's theory.  The 

theory of Bahos and Golden  is also shown for comparison.  The data appears 

to be bracketed by the two theories at the higher values of electron density. 

The transmission coefficient for a 12.7 mm plasma layer is shown in 

Figure 28 and compared with Poverlein's theory.  The reflection coefficient 

is shown in Figure 29.  Included in the cw reflection coefficient data are 

a few measurements where the incident wave was pulse modulated.  No signifi- 

cant change in the transmission characteristics was observed for the cw or 

pulsed mode as shown in the figure. 

High Power Measurements - A series of high power measurements were per- 

formed for a wide range of free stream electron density and incident power 

level.  The shock tube initial pressure was fixed at 5.0 torr and the trans- 

mitting antenna was located 3-'8 mm from the dielectric wall of the test 

section.  For these experiments an additional flush mounted electrostatic 

probe was mounted on the antenna ground plane 9-5 mm downstream of the 

antenna centerline.  The probe was biased at -3 volts for these measurements. 

The ion probe was used to monitor the increased ionization due to the incident 

microwave pulse interacting with the plasma. A check of the ion probe 

response over a range of free stream electron density was undertaken to 

evaluate the performance of the probe. Typical transient response of the ion 

current is shown in Figure 30 for three values of incident power level. The 

increased ion current due to the incident pulse is evident for the highest 

power levels. 

The peak pulse power was established at nominal levels of 600 W, 1.7 kW, 

and 7-0 kW.  Slight variations of peak power were encountered, but the actual 

Poverlein, H., J. Atmospheric and Terres, Phys. J_2_, 126 (1958). 

^6 
Bahos, A.  and Golden,  K.   E.,  Aerospace Report No.   TR-I001   (2220-10)-2, 
February   (1967). 
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ION 
CURRENT 

INCIDENT 
PCMEK 

ne = 7.7 x 10l2 cm'3 

j+ - 3-87 AMP/M 

PEAK PüWtH = 0 

l 

ION 
CURRENT 

INCIDENT 
POWER 

n  = 7.8 x 10l3 en,"3 
e 

j+ = \.kk x   ID1 AMP/M 

PEAK POWER = 359 W 

2 

ION 
CURRENT 

INCIDENT 
POWER 

n  = 1 . 15 x I013 cm"3 
e 

PEAK j+ = ^.3A x 10' AMP/M2 

MINIMUM j - 1.02 x I01 AMP/M2 

PEAK POWER = I.80 KW 

5 .sec 

FIGURE   30.   FLUSH   PROBE   TRANSIENT   RESPONSE 
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measured power levels \-Jere used in the data reduction. The transient response 

of the incident, reflected and r~ceived power in addition to the ion current 

is shmvn in Figure 31 for a peak power of 539 W. The ion probe shows only a 

s light increase in collected current, however, the reflected and received 

pule show increased di s tortion 1·1ith time over the pul se interval indicating 

a time-depen dent interaction with the plasma. Measurements of the attenuation 

of the incide nt pulse were made over a range of plasma frequencies and the 

p01·1er tran s mi ss ion coefficient and the results are shOioJn in figure 32. The 

re su lt s are compa red with Fante's impedance sheet theory simply as a reference. 

All data indicat e conditions ut t he end of the 2 microsecond pulse. The 

attenuation is shOioJn to be greater at the low levels of plasma frequency and 

merging ·d th the 1 i near theory at the higher leve 1 s. The power reflection 

coefficient is sh01·m in Figure 33 in addition to previous measurements at 

15 mW . The results appear to be scattered about the linear theory prediction 

o r t h i s po ·1e r 1 v 1 • 

Th t ransi ent re sponse of the micrcMave pulse at a nominal peak power of 

1.7 W is s hown in Figure 34. The recei ve d and reflected pulse show notice­

able di s to r t ion · i t h a -4.4 dB change in the rece ive d pulse in less than 1 

mi crosecond. ihe ion probe shows a large pea~ in collected current as the 

electrons produced by t he incident electric field are swept over the probe 

collecting area foll owed by a relaxation to ambient conditions prior to the 

arri val of t he contact s ur fa ce. The attenuation over a range of plasma fre­

quen cies is shown in Fi gur 35. The attenuation is greater than the value 

predicted by linear theory until (w I )2 
= 30 after which increased attenua-

p 
tion is not observed. 

Figure 36 pre sents the microv1ave pulse transient n~sponse for a peak 

po.·1er of 6.04 kW. The breakdovtn phenomena is very rapid at this power level 

·:ith mos t of t he pov1er be ing re flected. The slight peak in the ion current 

at t he time of the incident micrm·1ave pulse is caused by electric field ioni­

zation of the precursor electrons v1hich exist in front of the moving shock 

v1ave. LAte r results which delayed the microwave pulse until the shocked 
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CURRENT 

INCIDENT 
POWER 

ne = 1.62 x   IG13 cm"3 

j+ - 0.915 AMP/M
2 (MAX) 

j+ ■ 0.757 AMP/M2 (MIN) 

PEAK POWER - 539 W 

5 t-sec 

REFLECTED 
POWER 

RECEIVED 
POWER 

Rp -   .k2S 

iTl2   = -2.6 dB 1 ' max 

ITl2 .  = -k.SB  dB 1 'mm 

5 psec 

FIGURE 31. HIGH POWER TRANSIENT RESPONSE 539 W 
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INPUT 
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U    U- 

ne = k.l  x 1013 cm'3 

j+ = 3.81xlO
1 AMP/M2(MAX) 

j+ = 8.01 AMP/M
2 (MIN) 

PEAK POWER » IJ/f KW 

5 ^s ec 

I 

« « 4 4  « « «-f -♦■• # * • * » • 
« 

^#-+ ♦ ♦ 

REFLECTED ; 
POWER 

RECEIVED 
POWER 

« * > «  • f .« * 

I 

. .>. 

« 

^   u 

|T|2   = -^.08 dB 
' ' max 

|T|2 .  = -8.^5 dB 1 ' mi n 

- 5 usec 

FIGURE  3^. TRANSIENT RESPONSE 1.7^ kW 
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ION CURRENT 

INPUT POWER 

~~H   r"  5 i^sec 

PEAK POWEk = 6.0^ KW 

REFLECTED POWER 

RECEIVED POWER 

|Rr "   -859 

iTr = -12.3A dB 

FIGURE  36.   TRANSIENT  RESPONSE  6.0^  kW 
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gas covered the ion probe removed the precursor peak.  The transmission coeffi- 

cient is shown in Figure 37 and the reflection coefficient in Figure 38 both 

as a function of plasma frequency.  The strong effect of the high power pulse 

exists over most of the experimental test conditions. 

Linear impedance sheet theory predicts a linear relationship between 

input and output power for a fixed value of plasma frequency.  The deviation 

from this theory occurs when the incident electric field causes sufficient 

ionization to cause increased attenuation and reflection of the incident wave. 

Based upon Fante's theory  the curves of Figure 39 were constructed using 

three values of plasma frequency.  Data points based upon the faired data 

curve of each of the incident paver attenuation curves at the selected values 

of plasma frequency were then used to establish the high power data curve of 

Figure 39-  The received power is shown to deviate from the linear relationship 

at a few hundred watts and the received power curve continues to flatten with 

increased incident power.  For the prescribed experimental conditions, there 

is a limited increase in received power beyond an Incident peak power of 2 kW. 

Horn Antenna Measurements - Measurements with the horn antennas were 

also conducted for two values of nominal peak pulse power.  The plasma condi- 

tions were established over the same range of initial conditions as in the 

high power waveguide aperture antenna measurements.  The ion current collected 

by two flush mounted electrostatic probes located Immediately upstream and 

downstream of the antenna were also measured for each run.  The reflected 

phase was also determined for each run by measuring the output of a probe 

Installed In a slotted line in the microwave circuit and utilizing the technique 
In 

described by Parzen  .  The transient response of the microwave detectors and 

the electrostatic probes Is shown In Figure hO   for a peak pulse power of 1.77 

kW.  The transient response Is quite similar to the response of the detectors 

used with the waveguide antenna.  The electron density profile Is different 

for the two sets of measurements due to the relative thickness of the boundary 

layer covering the antennas.  For the horn antenna measurements, the location 

7Parzen, B., Proc. IRE 37 1208 (19^9). 
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of both the transmitting and receiving horns is not affected by the shock 

tube wall boundary layer.  However, there is a relatively thin boundary layer 

covering the ground planes of both antennas which will affect the profile. 

The variation of power transmission coefficient is shown as a function 

of plasma frequency in Figure 41. The linear theory is based upon Fante's 

theory assuming a uniform electron density profile. The data were again 

measured at the trailing edge of the 2.0 microsecond pulse. The voltage re- 

flection coefficient is shown in Figure k2 and the phase angle is shown in 

Figure 4} all as a function of plasma frequency. The electron density for 

these measurements was deduced from the ion current measurements of the upstream 
1 Q 

electrostatic probe using Chung's theory  .  The local electron density could 

be determined prior to the onset of the incident pulse, and the free stream 

plasma frequency could be determined more accurately than from measurements 

of the shock velocity alone.  Measurements of the shock velocity were also 

determined for each run to determine all other flow conditions. 

Figure hk   illustrates the transient response of a 7 kW pulse.  The rapid 

attenuation of the received pulse and the increased electron density flowing 

past the downstream probe is again exhibited.  The power transmission coeffi- 

cient is shown in Figure VS, and the voltage reflection coefficient is shown 

in Figure 46.  The reflected phase is shown in Figure 47-  The plasma frequency 

was calculated from the Ion current measurements as in the previous incident 

power levels. All curves indicate a significant deviation from the linear 

approx i mat i ons. 

A tabulation of all the data collected during the horn antenna experiments 

is presented in Tables 1 and 2.  The calculated plasma properties behind the 

shock wave are all deduced from the measured shock velocity using the tables 
3 

of Menard and Morton . 

ELECTROPHIUC MEASUREMENTS 

The effect of the addition of an e lectrophi1ic agent to a plasma is a 

reduction in the electron density.  Research to evaluate the effectiveness 
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of electrophilic addition upon the performance of reentry microwave systems 
48-51 . ~8 ~9 has been conducted for a number of years . The theorettca' work of Papa ' 

provides the most detailed analysis of the interaction of a high power electro­

magnetic \·Jave 1vith an electrophilic seeded plasma. Research to select an 

additive which will produce the required reduction in electron density in 

the required time period has resulted in the .selection of the fluorocarbon 

compound Freon 11482 50 . Detailed laboratory studies indicated that this par­

ticular additive meets most of the desired properties for reentry vehicle 

application. Full scale flight test measurP.ments of the electrophilic in­

jection upon a microwave system were conducted under the Trailblazer program 

where the results indicated significant imp~ovement in system performance at 

high power levels and relatively high altitudes 51 . In order to study the 

effect of the electrophilic addition upon high power microwave transmission 

at conditions of high electron density and high neutral particle density, a 

series of laboratory experiments were performed using the additive Freon 

11482. 

The laboratory experiments were conducted using the horn antenna configura­

tion used in previously described experiments. The antenna ground plane spacing 

\vas maintained "'t 3.18 mm and the shock tube initial pressure was fixed at 

5.0 torr. Since a few changes in the microwave hardware were made, additional 

clean air measurements were obtained in order to ev~luate the effect of electro­

phi lie addition upon antenna performance. One high power magnetron (f • 9.382 

G z) was used for all measurements which required the addition of suitable 

attenuators in order to obtain the low power measurements. 

48Papa, R. J., and Taylor. R., "High Power Electromagnetic Transmission 
Characteristics of a Diffusing Reentry Plasma," J. of App. Phys. 45, 68~. 
1974. Also AFCRL-TR-73-0754, December 1973. --

49Papa, R. J., "Chemical Injection into a Reentry Plasma to Improve High Power 
EM Wave Transmission," AFCRL-72-0556, Septembe,. 1972. 

50Lennon, J. F., and Herskovitz, S. 8., "Design and Testing of a Chemical 
Injection System for Reentry Plasma Alleviation," AFCRL-TR-]It-0113, ~ebruary 
1974. 

51 Hayes, D. T., Herskovitz, S. B., Lennon, J. F., and Porrer, J. L., "lnflight 
Electrostatic Probe Measurements of the Effect of Chemical Injection on the 
Properties of the Reentry Flow Field," AIAA Paper No. 73-692, AIAA 6th 
Fluid and Plasma Dynamics Conference, Palm Springs, Calif., July 1973. 
Also AFCRL-72-0640, October 1972. 
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The electrophilic agent Freon 11~82 is a liquid at standard temperatures 

and pressures. The vapor pressure of the Freon is relativ~ly high (285 torr 

at 20°C) which indicates that Freon will be in the vapor phase when added to 

the room air at the shock tube initlal static pressure of 5 torr. The short run 

ti me of the shock tube prevented the injection of the liquid Freon 11~82 

directly into the shock heated plasma, therefore only the chemical electron 

attachment process could be simulated. The true effect of the liquid electro­

phi I ic \·1ould include mechanisms such as phase changes und droplet catalytic 

effects upon total electron depletion rates. The liquid Freon was placed 

i n a small vacuum chamber and coupled to the driver section of the shock 

tube tHrough a vacuum line which contained a precision needle valve for flow 

adju tment. The driver section \o~as pumped to the required pressure level 

v1he re the pressure \-laS meac:ured 1--1ith the use of a digital capacitance manom­

eter. Freon 11482 vapor was then added to the dry air to bring the static 

pressure to the desired initial pres~ure level of 5.0 torr. The mole fraction 

of the Freon added to the air v1as then determined from measurements of the 

initial air pressure and the final mixture pressure. The major portion of 

the experiments were performed with a 1" addition of Freon 11~82 tn j;·y air; 

hm·1ever, a fe\·1 experiments were performed to evaluate the effect of variable 

ole fraction of additive upon the transmission properties of the micro\O:n ve 

signal. Microwave measurements of the incident power, reflected power, and 

received power were performed for all experiments. The free stream electron 

density was determined from the ion current collected by an upstream electro­

static probe located on the transmitting antenna ground plane. The probe 

was biased to -3 volts relative to the ground plane as used in previous 

measurements. The electron density was then determined from the calibration 

curve f r the probe as determi ned from previous diagnostic measurements. 

An electrostatic probe immedia ely downstream of the transmitting antenna 

was biased at +18 volts relative to the ground plane in order to collect 

electron current. The electron current probe wil1 give a direct comparison 

of the reduction in electron density due to the attachment process of the 

electrophilic additive. The ion cu~rent will remain unchanged during the attach­

ment process if recombination mechanisms ar negligible. In addition to the 
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eleeirostdiic probe measurements, the shock velocity was measured with wall 

static pressure probes along the test section.  Experiments were performed 

using a single, 2 microsecond duration pulse at a peak incident power of 18 W, 

1.5 kW ond ^.0 kW.  A comparison of the transient behavior of some of the 

measured variables is shown in Figure ^8 for clean air and air seeded with ]'/. 

Freon.  In this comparison the peak incident power is 1.5 kW and the free 

stream electron density is approximately equal.  Since shot to shot reproduci- 

bilitv is very difficult to maintain, a series of measurements fixing all 

initial conditions while varying shock velocity were performed. 

Measurement of the attenuation of a single 18 W pulse is shown in Figure 

kS.      Good agreement with impedance sheet theory ' is observed for the low 

incident power levels where breakdown is not expected.  The effect of a ]% 

addition of Freon to the air prior to shock heating reveals a reduction in 

the attenuation of approximately 2 dB up to L A.)  = 8.  The effect of the 

electrophi1ic upon the reflection coefficient is shown in Figure 50.  Con- 

siderable reduction in the reflection coefficient over the entire range of 

free stream electron density is observed.  The reduction in the electron 

density due to the addition of the eIectrophi1ic is shown in Figure 51.  The 

upstream ion probe current, which has reached an equilibrium value prior to 

the onset of the incident pulse, was used as a reference current. The effect 

of the small concentration of e1ectrophi1ic upon the upstream ion current 

was observed to be negligible over the entire range of incident power.  The 

electron current collected by a probe located downstream of the transmitting 

antenna will be sensitive to electron production effects due to the incident 

wave electric field and any electron depletion effects due to seeding.  The 

downstream probe electron current is shown as a function of upstream equili- 

brium ion current for a clean and seeded flow in Figure 51.  Significant re- 

duction in the electron current is observed for increasing free stream electron 

dens i ty leveIs. 

Similar measurements were performed for a peak incident power of 1.5 kW. 

The effect of the additive upon the transmission coefficient is shown in 
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Figure 52. For these measurements the transmission coefficient was i':>easured 

at the trailing edge of the pulse. An improvement of approximately 3 d9 in 

transmission coefficient is observed up to an electron density where 

p 
I ) 2 : 10. The effect upon the reflection coefficient is shown in Figure 53 

1-1here improvement is seen over the entire range of experimental plasma fre-

quencies. Figure 54 presents a comparison of the probe current for the clean 

and seeded flow. The effect of the high power pulse upon the electron density 

is sho1-1n by comparison with the low power measuremerts. The addition of the 

electrophilic is much more effective at the lower values of free stream elec­

tron density (and corresponding lower temperatures) than at the higher values 

of free stream electron density. This effect is probably the result of thermal 

decomposition of the additive at the higher temperatures with the resulting 

reduction of electron attachment cross sections of the daughter products and 

competing electron production mechanisms. 

A series of measurements 1-1ere ah;o performed for a nominal peak power 

of 5.0 kW. The transmission coefficient for the clean and seeded flow is 

sho1-m in Figure 55, 1-1here again the measurements correspond to the trai 1 ing 

edge of the 2 microsecond pulse. At this incident power level an improvement 

of approximately 7 dB is observed up to ( ~ / w) 2 
z 10. The reduction in the 

p 
amount of reflected p~oJer is shown in Figure 56. The reflection coefficient 

: ~ reduced by approximately 0.2 over the value of the high power, clean air 

refle c;: tion coefficient. 1he collected electron current is sho1-m in Figure 57 

1·1here tl 'e effect of the increased electron density due to the high power 

pulse is ~n order of magnitude greater than the low power results for clean 

air at the lo1-1er free stream electron densities. The result of the additive 

upon electron depletion is still significant at the lower electron densities 

and temperatures becoming less effective as the free stream electron density 

increases. 

A fe1-1 measurements were performed to examine the effect of the in it i a 1 

concentration of Freon 11482 upon the transmission coefficient at an incident 

p011er of 1.5 kW. Measurements indicated that only a slight change !n trans­

mission coefficient 1-1as observed when the initial mole fraction of Freon was 
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reduced  to 0.5^.     Increasing  the  initial  mole  fraction  to yi caused a notice- 

able  reduction   in  shock velocity   indicating significant  changes   in  the  speed 

of sound and other  thermophysical  properties of  the  test gas were  taking 

place.     In general,   insufficient data were obtained to evaluate  the effect of 

initial   concentration of  the electmphi 1 ic  upon   the microwave performance of 

the plasma covered antennas. 
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CONCLUSIONS 

A  detailed  experimental   program Has  been  performed   to study  the  effect 

of  the  Interaction of   Intense microwave  fields  with  plasmas which are  typical 

to   those  encountered   during   high   speed,   low altitude   reentry  condi'.ions.     A 

diagnostic   study   of   the  plasma  produced   in  a   high   performance   shock   tube- 

indicated   the   usefulness  of   the  electrostatic  probe   under  conditions  of  high 

neutral   particle   density  and  high  electron  density.     Diagnostic  studies  of 

the   shock   produced   plasma   using  different  experimental    techniques   produced 

similar   results   giving  confidence   to  the  determination  of   the  plasma  properties 

Measurements  of   the  effect  of a  plasma   layer  upon   the  performance of  an 

aperture  antenna   at   low   incident   power   levels   under   cw  and  pulsed operation 

were  performed.     The  experimental   results  agree  with   impedance  sheet   theory 

for   thin   plasma      layers,   while   thick   layers   require   a  more   detailed  analysis. 

High  power  transmission  experiments  were  also  performed  for several   power 

levels  over  a   range   of   free   stream electron   density   levels.     High  power  pulsed 

microwave   interactions   with   thin  plasma   layers   produce  an  apparent  plateau 

for  maximum  power   transmission.     The   plateau will   also  be   a   function  of   the 

free  stream electron   density. 

The   effect   of   the   electrophilic  agent   Freon   11^62   upon  high  power   trans- 

mission was   also   investigated   for  high  density  conditions.     Experimental 

results   indicate   that   the  additive   Is   still   effective   in   reducing   the  electron 

density   level   and  can   provide   Improvement   in   transmission   up   to  7  dB  at  a  peak 

power of  5  kW. 
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